A carrier relaxation bottleneck probed in single InGaAs quantum dots
  using integrated superconducting single photon detectors by Reithmaier, G. et al.
A carrier relaxation bottleneck probed in single InGaAs quantum dots using
integrated superconducting single photon detectors
G. Reithmaier,1, a) F. Flassig,1 P. Hasch,1 S. Lichtmannecker,1 K. Mu¨ller,1, 2 J. Vucˇkovic´,2, 3 R. Gross,4, 5
M. Kaniber,1 and J. J. Finley1, 5, b)
1)Walter Schottky Institut, Technische Universita¨t Mu¨nchen, Germany
2)E L Ginzton Laboratory, Stanford University, Stanford, CA 94305, USA
3)TUM Institute of Advanced Study, Lichtenbergstrae 2a,85748 Garching, Germany
4)Walther Meißner Institut, Bayerische Akademie der Wissenschaften, Garching,
Germany
5)Nanosystems Initiative Munich (NIM), Schellingstrae 4, 80799 Mnchen, Germany
(Dated: September 22, 2018)
Using integrated superconducting single photon detectors we probe ultra-slow exciton capture and relaxation
dynamics in single self-assembled InGaAs quantum dots embedded in a GaAs ridge waveguide. Time-resolved
luminescence measurements performed with on- and off-chip detection reveal a continuous decrease in the
carrier relaxation time from 1.22 ± 0.07 ns to 0.10 ± 0.07 ns upon increasing the number of non-resonantly
injected carriers. By comparing off-chip time-resolved spectroscopy with spectrally integrated on-chip mea-
surements we identify the observed dynamics in the rise time (τr) as arising from a relaxation bottleneck
at low excitation levels. From the comparison with the temporal dynamics of the single exciton transition
with the on-chip emission signal, we conclude that the relaxation bottleneck is circumvented by the presence
of charge carriers occupying states in the bulk material and the two-dimensional wetting layer continuum.
A characteristic τr ∝ P−2/3 power law dependence is observed suggesting Auger-type scattering between
carriers trapped in the quantum dot and the two-dimensional wetting layer continuum which circumvents the
phonon relaxation bottleneck.
Semiconductor based photonic information technology
is rapidly being pushed to the quantum limit where sin-
gle photon states can be generated and manipulated in
nanoscale optical circuits1. Over recent years quantum
dots (QDs) embedded in such semiconductor systems
have been shown to be excellent sources of quantum
light2–4 and have shown their suitability for use as a gain
medium in QD lasers5–7. However, for short response
times and fast operation of such devices, injected charge
carriers must relax rapidly from continuum wetting layer
electronic states into the lasing state. For a fully discrete
electronic structure, efficient relaxation is expected to be
hindered by phonon bottleneck phenomena8, caused by
the large energetic spacing of QD energy levels that in-
hibits single-phonon mediated scattering processes9. To
directly observe such relaxation bottleneck effects, super-
conducting single photon detectors (SSPDs) are suitable
due to their near unity quantum efficiency and picosecond
timing resolution10,11. Building up on recent progress
in this field12–14, we developed highly efficient15,16 NbN-
SSPDs on GaAs17 and demonstrated the monolithic inte-
gration of InGaAs QDs as single photon emitters together
with waveguides and detectors on a single chip18.
In this letter, we compare photoluminescence (PL) dy-
namics recorded from a single dot with confocal off-chip
detectors with on-chip PL using integrated SSPDs that
provide temporal resolution better than 70 ps. By prob-
ing the carrier capture and energy relaxation dynamics
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Figure 1. (a) Sample design showing the GaAs waveguide
grown on a Al0.8Ga0.2As cladding with the two SSPDs and
Ti/Au contact pads. Inset: SEM image of lithographically
defined NbN nanowires. (b) On-chip PL scan across the red-
marked region of the waveguide. (c) On-chip PL of SSPD I
(black squares) and SSPD II (blue circles) as a function of
position along the waveguide, shown on a semi-logarithmic
scale.
of photogenerated charge carriers, we demonstrate that
the rise time of the luminescence signal (τr) is strongly
dependent on the excitation power level. The ultrafast
response and high detection efficiency of the integrated
SSPDs enables us to probe the PL dynamics at low exci-
tation levels. In such a scenario carrier capture and en-
ergy relaxation is inefficient due to the discrete electronic
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2structure of the dots and the absence of Coulomb medi-
ated scattering involving carriers occupying energetically
higher discrete states8. In particular, an excitation power
dependent change in inter-sublevel relaxation times is
observed for a single, spatially isolated QD. Auger-like
scattering involving carriers occupying excited QD en-
ergy states and proximal continuum states is shown to
be the dominant mechanism for the vanishing of this re-
laxation bottleneck8 at elevated excitation powers. The
simultaneous off-chip PL measurement of the spectrally
filtered neutral exciton (X0) transition exhibits a plateau
in the temporal response of the system, consistent with
the change in carrier relaxation as well as the saturation
behaviour of the neutral exciton emission. Finally, mea-
surements of the carrier capture and relaxation time as a
function of the single exciton population probability re-
veal that the observed effect is universal for all excitation
energies studied.
The sample studied consists of a single layer of epitax-
ially grown, self-assembled InGaAs QDs with an areal
density of 2− 3 µm−2 embedded in a 15 µm wide GaAs-
Al0.8Ga0.2As multimodal ridge waveguide. As presented
in detail elsewhere18, the QDs have a typical lateral (ver-
tical) size of 25±5 nm (5±1 nm) and are embedded at the
midpoint of the 250 nm thick GaAs waveguide core and
photolithography and wet chemical etching are applied
to define linear waveguide structures investigated. Light
emitted by the QDs is guided along the 275 µm long
waveguide and evanescently coupled12–14,18 into super-
conducting NbN detectors at the remote ends. Each end
of the waveguide is equipped with a separate detector,
labeled SSPD I and SSPD II in figure 1a. Measurements
of the optical function of the NbN film combined with
finite difference time domain (FDTD) simulations indi-
cates that ∼ 97.8% of the light is absorbed by the array
of 80± 10 nm wide NbN nanowires18 over the total light
- detector interaction length of 23 µm. When operated
at cryogenic temperatures (T = 4.2 K) the NbN SSPDs
were found to be single photon sensitive in the near in-
frared with an average dark count rate ≤ 1 cps. When
scanning a laser across the midpoint of the waveguide,
with an energy resonant with the wetting layer contin-
uum (Eexc = 1.485 eV) and a sufficiently high power
density to create multiple excitons per dot (P = 172± 7
W/cm2), we observe 50 ± 15 kcps of on-chip PL with
SSPD II at an average background count rate of only
10±1 kcps arising from scattered laser light, as presented
in figure 1b. The resulting PL map shows well defined
bright spots corresponding to single dots that can be ex-
cited most effectively when they are located close to the
edge of the waveguide. This is attributed to an enhanced
incoupling of light via the sloping waveguide edges at
the air-GaAs interface, arising from the isotropic wet-
chemical etching process. Recording the on-chip PL for
similar excitation conditions as a function of the laser
spot position along the +x direction on the waveguide,
we observe an exponential decrease/increase of the sig-
nal for SSPD I/II in the semi-logarithmic plot in figure
1c, from which we determine the waveguide losses to be
10.3±1.9 dB/mm. The difference between the total count
rates recorded for both detectors stems from fabrication
imperfections, leading to a ∼ 10× higher detection effi-
ciency for SSPD II compared to SSPD I.
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Figure 2. (a) Low power PL spectra of QD1 for an excitation
energy of Eexc = 1.459 eV. (b) Power dependent PL of X0
for three different excitation energies.
For the following measurements we focused the exci-
tation laser onto one individual dot, positioned at a dis-
tance x0 = 150 µm (x
′
0 = 200 µm) from SSPD I (SSPD
II) and labelled QD1 in figure 1b. To study the emis-
sion spectrum of QD1, we performed power dependent
PL spectroscopy recorded in a confocal geometry. Upon
varying the excitation power density from 1.32 W/cm2
up to 26.5 W/cm2 a single, dominant emission line with a
resolution limited linewidth of 0.53±0.02 meV is observed
in the emission spectra shown in figure 2a, attributed to
a single exciton transition X0 by its clear linear power
dependence. The weak emission lines in the vicinity
stem from the emission of either nearby quantum dots
or charged excitonic transitions19 of QD1. The evolution
of the peak amplitude of the X0 emission for three differ-
ent excitation energies is presented in figure 2b. In this
double logarithmic plot, a linear increase of the quantum
dot emission with an exponent of 0.95± 0.02 is observed
for all excitation energies, supporting our identification
of the single excitonic character of the studied emission
line19. Depending on the excitation energy, the emis-
sion of X0 saturates at 4.91 W/cm
2, 453 W/cm2 and
564 W/cm2 for Eexc = 1.899 eV, 1.531 eV and 1.459 eV,
respectively, as marked in figure 2b. Here, the saturation
power density is extracted at the maximum of the PL
emission. The lower maximum PL intensity for excitation
at 1.899 eV is attributed to an increased charged exciton
population of the dot, arising from the higher absorp-
tion stength and the increased carrier diffusion length at
this excitation energy. The trend of an increased sat-
uration power density with decreasing excitation energy
reflects the stronger absorption at higher photon energies
and the accompanying larger density of photo-generated
charge carriers for a specific excitation level20. Similar
effects are found to result in faster carrier capture dy-
3namics for higher laser excitation energies in our time
resolved studies presented below.
Employing on-chip PL detection18 enables us to study
the charge carrier capture and relaxation dynamics of
QD1 as a function of the excitation power density,
schematically indicated by the icon in the top right of
figure 3a. Typical results from such experiments are pre-
sented in a semi-logarithmic plot in figure 3a. Here, a
tunable TiSa laser with a pulse width < 1 ps was fo-
cussed onto QD1, highlighted in figure 1b, and time re-
solved decay transients were recorded using SSPD I. Due
to the fast intrinsic timing resolution of the SSPDs (< 70
ps21), this measurement technique allows us to directly
probe carrier capture, relaxation and recombination dy-
namics of QD1. The data presented in figure 3a is shown
for different excitation levels, excited into the WL con-
tinuum at Eexc = 1.485 eV. For the lowest power density
used of P = 0.48 W/cm2 (dark red circles in figure 3a)
we observe an exponential increase followed by an almost
perfect mono-exponential decay at longer timescales22,23.
For higher excitation powers, exceeding 26.5 W/cm2 in
figure 3a (orange triangles), the decay becomes multi-
exponential, as light emitted by the faster decays24,25 of
multi-excitonic transitions is detected by the SSPD as
well as that from X0, since the SSPD does not spectrally
resolve the emission. More remarkably, while increasing
P up to 265 W/cm2, the rising edge gradually becomes
steeper and the relaxation time τr reduces from its ini-
tial value of 1.22 ± 0.07 ns to 0.10 ± 0.07 ns, shown by
the dark blue squares in figure 3a. This behaviour sug-
gests a power-dependent change of the carrier capture
and inter-sublevel relaxation times which are typically
governed by Auger-like processes or LO-phonon emission
in QDs25 and will be discussed in relation to figures 3c
and 4 below. The ultraslow carrier relaxation time for
P = 0.48 W/cm2 indicates the presence of an intrinsic
phonon bottleneck8 that, for stronger excitation levels,
is masked by much faster carrier capture and relaxation
via Auger-like processes with other charge carriers in the
near vicinity of the quantum dot26. In similar off-chip
detected time-resolved PL experiments, τr typically is
≤ 100 ps25 and does not show any indications of a bottle-
neck. In our case, the highly selective excitation of QD1,
the ultra-low excitation power densities ≤ 1 W/cm2 in
combination with the excellent timing resolution of the
SSPD, enables us to observe and systematically investi-
gate the phonon-bottleneck via the variation of the lumi-
nescence timescale.
In order to show that faster inter-sublevel relaxation
is indeed mediated by scattering with charge carriers
occupying higher states in QD1, spectrally and time-
resolved PL measurements were performed in a confo-
cal geometry by spectral filtering of the X0 emission.
The timing resolution in this experiment is limited by
the avalanche photodiode (APD) to ∼ 100 ps. The re-
sults obtained from the off-chip experiment (inset) are
presented in figure 3b. Here, the spectrally resolved PL
time-transients are shown on a semi-logarithmic plot for
excitation power densities increasing from 1.32 W/cm2
up to 927 W/cm2 and a fixed excitation energy in the
WL continuum at 1.485 eV. Again, we observe an ex-
ponential increase followed by a mono-exponential de-
cay. In contrast to the on-chip measurements presented
in figure 3a, the exclusive detection of the X0 transi-
tion gives rise to a power-independent mono-exponential
decay with τX = 0.69 ± 0.10 ns (indicated by the red
arrow on figure 3b) even up to power densities as high
as P = 927 W/cm2. However, for elevated power den-
sities the decay starts at a later point in time, such as
0.8±0.1 (1.4±0.1) ns in case of 13.2 (927) W/cm2 shown
by the grey triangles (blue squares) in figure 3b. This de-
lay of ∆T0 (1) = 0.25 ± 0.1 (0.95 ± 0.1) ns, indicated by
the grey/blue double arrow on figure 3b, is related to the
cascaded recombination of multi-excitonic states prior to
the X0 recombination. Strikingly, the appearance of the
plateau at P ∼ 13.2 W/cm2 coincides with the satura-
tion of τr, as shown by the curves for P ≥ 13.2 W/cm2
in figure 3a.
For a quantitative analysis of this process the plateau
length ∆T , the X0 lifetime τX and the carrier relaxation
time τr are presented in figure 3c as a function of P .
For increasing power densities a clear decrease of τr from
1.22 ± 0.07 ns down to 0.10 ± 0.07 ns is observed, be-
ing in good qualitative agreement with recent findings
obtained in differential transmission27. This trend is fol-
lowed by a saturation of τr just above the temporal res-
olution limit of the SSPD for power densities larger than
∼ 10 W/cm2, while the plateau starts to form with ∆T
gradually increasing from 0.25±0.1 ns up to 0.95±0.1 ns.
The exciton lifetime τX = 0.69±0.1 ns remains constant
within the error over the whole range of power densi-
ties studied here. The decrease in relaxation time and
the simultaneous formation of the Pauli-plateau strongly
suggests an interplay between faster carrier relaxation
and occupation of multiexcitonic states25. For τr it is
found that the data points follow a P−0.67±0.02 depen-
dency strongly indicating that Auger processes mediate
intersublevel relaxation26. This observation constitutes
strong evidence that the occupation of the dot with mul-
tiple carriers mediates faster carrier capture and energy
relaxation. As presented in figure 4, this power law and
saturation behaviour is found to be universal within the
experimental error for all excitation energies studied.
To gain a deeper insight into the origin of the charge
carriers responsible for masking the capture and relax-
ation bottleneck at elevated power densities, excitation
energy dependent PL studies were performed. Here, the
excitation power dependent rise time of the luminescence
signal τr was extracted for a range of excitation laser
energies; starting from the 2D wetting layer continuum
at Eexc = 1.459 eV and increasing up to 1.899 eV, far
above the GaAs bandgap. To correct for the energy de-
pendent absorption stength, the power density P used
for this experiment was converted into an energy inde-
pendent population probability PX for a single exciton
occupying the QD. Hereby, Poisson statistics18,28 was
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Figure 3. (a) Time-resolved on-chip PL with the laser excitation positioned on QD1 presented for excitation power densities
P ranging from 0.48 to 265 W/cm2. Fitting the rising edge of the decay transient, we extract a charge carrier relaxation time
of τr = 1.22 ± 0.07 ns for the lowest power density and 0.10 ± 0.07 ns for the highest one, respectively. (b) Spectrally filtered
time-resolved confocal PL studies of X0, recorded for power densities increasing from P = 1.32 to 927 W/cm
2. The exciton
lifetime is determined to be τX = 0.69±0.1 ns. A plateau region ∆T0 = 0.25±0.10 ns forms at P = 13.2 W/cm2 and increases
to ∆T1 = 0.95± 0.10 ns for the highest excitation power density. (c) Carrier relaxation time τr (blue squares), plateau length
∆T (orange circles) and exciton lifetime τX (red triangles) as a function of the excitation power density P .
used with PX = α · exp(−α), where α = P/P0 and P0
being the saturation power density, as extracted from
the measurements presented in figure 2b. The results of
these studies are presented in figure 4. Here, the different
excitation energies are indicated by the colored double-
arrows on figure 4 (inset), that schematically depicts the
density of states for valence (VB) and conduction band
(CB) of a single dot. τr is indicated by the black ar-
row showing the relaxation of an electron-hole pair cre-
ated at 1.570 eV. Similar to the data recorded for a fixed
Eexc = 1.485 eV (figure 3c and orange circles on figure
4), τr is 1.22± 0.07 ns for a very low exciton population
probability of PX = 0.0011 ± 0.0002 and then quickly
drops towards the resolution limit as PX increases and is
fully saturated at PX ∼ 0.1. A similar trend is observed
for all laser energies studied, further supporting the iden-
tification of two distinct regimes, marked in figure 4. In
the phonon-regime carrier relaxation is mediated by the
emission of acoustic phonons and is inefficient due to the
weak matrix element for exciton-phonon coupling29,30. In
this regime the temperature dependence of charge car-
rier relaxation proved the involvement of phonons us-
ing a Bose-Einstein distribution29. In our case, the tem-
perature dependence could not be analysed, as the dark
counts of the integrated SSPD would exceed the PL sig-
nal for temperatures larger than ∼ 5 K31. For exciton
population probabilities ≥ 0.02, the Auger-regime, carri-
ers rapidly lose excess energy by few-carrier interactions
where an e-h pair transfers excess energy non-radiatively
to a nearby charge carrier26.
In summary, by comparing on- and off-chip time-
resolved luminescence, we directly probed ultra-slow
charge carrier capture and relaxation in a single QD. A
continuous decrease in the exciton capture and relaxation
times by one order of magnitude was observed upon in-
creasing the number of injected charge carriers. At the
5VB
CB
2D WL states
3D free exciton
0D QD states
Figure 4. Relaxation time τr as a function of the single exci-
ton population probability PX , as determined using Poisson
statistics. The lines represent power-law fits with an exponent
of −0.67±0.02. The data is shown for different excitation en-
ergies, indicated by the colored arrows in the inset. Here, the
density of states of a single QD, grown on a wetting layer and
surrounded by GaAs is depicted schematically.
same time, a plateau in the QD luminescence with a du-
ration of 0.95 ± 0.10 ns is formed, as detected in time-
resolved off-chip measurements. This was attributed to
the masking of the relaxation bottleneck by the presence
of charges in the bulk material and the 2D wetting layer
continuum. The universal P−0.67±0.02 power law depen-
dence of the relaxation time with the number of injected
charge carriers for all excitation energies studied was at-
tributed to Auger-type scattering, being the dominant
effect inhibiting phonon bottleneck phenomena in such
systems.
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